Summary. The endothelium-associated enzyme xanthine oxidase is known to generate reactive oxygen intermediates which may damage the surrounding tissue. We investigated whether reactive oxygen intermediates released by xanthine oxidase exert a toxic effect on isolated rat islet cells. The xanthine oxidase (25 mU/ml)/hypoxanthine (0.5 mmol/1) system released reactive oxygen intermediates in vitro as detected by luminol in a chemiluminescence analysing system. The addition of nicotinamide inhibited the release of reactive oxygen intermediates in a dose-dependent manner (50 % inhibition at 20 retool/l). Exposure of islet cells to enzyme generated reactive oxygen intermediates caused lysis of 39 % of the cells within 15 h. Monitoring the mitochondrial function of islet cells by the conversion of tetrazolium bromide to its formazan product revealed a significant reduction of the respiratory activity down to 51% of that of the controls by 30 min after the initiation of the xanthine oxidase reaction. Mitochondrial dysfunction preceded plasma membrane damage. The addition of nicotinamide, a radical scavenger and inhibitor of the DNA repair enzyme poly(ADP-ribose) synthetase protected the islet cells from lysis and partially preserved their mitochondrial activity in the presence of reactive oxygen intermediates. We conclude that activation of the endothelial enzyme xanthine oxidase, known to be induced by mediators of immune cells or by episodes of ischaemia and reperfusion causes islet cell damage with subsequent cell death in early phases of pancreatic islet cell destruction.
In animal models of Type I (insulin-dependent) diabetes mellitus the first signs of islet cell destruction become evident when immune cells infiltrate the islets (insulitis). However, recent studies have revealed considerable morphological and functional changes in the microvascular system of the islets which may represent early signs of the inflammatory process. Increased permeability of islet capillary endothelial cells seem to facilitate the local extravasation of immune mediators and inflammatory cells [1] . Experimental impairment of enhanced vascular permeabitity suppressed the development of diabetes [2] . In islets of low-dose streptozotocin-treated mice a reduction of the capillary area was found before any sign of insulitis indicating that vasoconstriction may be involved in the initiation of islet infiltration by immune cells [3] . Moreover, in early stages of insulitis, the spontaneously diabetic BB rat shows considerable islet endothelial cell damage which even results in collapsed capillaries [4] .
Impaired vascular permeability and disturbed capillary functions are generally associated with temporary ischaemia resulting in states of anoxia [5, 6] . After reperfusion/reoxygenation of anoxic tissue the endothelial-cellassociated enzyme xanthine oxidase (XO) [7, 8] releases various reactive oxygen intermediates (ROI) [9] when it metabolizes the hypoxanthine which accumulates during ischaemia [10] .
Besides reperfusion/reoxygenation processes, mediators of immune cells are also able to induce the endotheliaI-cell-associated XO. Recently it was demonstrated, that tumour necrosis factor c~ induces the conversion of xanthine dehydrogenase to XO in endothelial cells [11] . Interestingly, in diabetes-prone BB rats increased amounts of tumour necrosis factor (z are released by activated macrophages [12] , which play a prominent role in the process of insulitis [4, [13] [14] [15] .
Pancreatic islet cells are highly susceptible to the toxic effect of ROI since they have a reduced capacity to scavenge these compounds [16] . Therefore it has been suggested that ROI are involved in the destruction of pancreatic islet cells in vivo [17] [18] [19] [20] .
The present study was designed to investigate, whether ROI, generated by the endothelial-cell-associated XO 
Materials and methods

Preparation of islet cells
Islet cells were prepared from Wistar rats (provided from our own breeding colony by U. Kiesel) as previously described [15] . Briefly, islets were isolated by ductnal injection of a collagenase solution (Serva GmbH, Heidelberg, FRG; 0.37 U/mg, 1.5 mg/ml in Hanks' balanced salt solution). After incubation for 45 min (37 °C) the islets were enriched by centrifugation on a Ficoll density gradient (Ficoll 400; Pharmacia GmbH, Freiburg, FRG) and by hand-picking. The islets were then resuspended in Ca 2+-and MgZ+-free HBSS (Gibco Europe, Heidelberg, FRG) in the presence of 2 mg/ml trypsin (Boehringer Mannheim, Mannheim, FRG) and dissociated into single cells.
Radioactive labelling of islet cells
Islet cells were either left unlabelled or labelled (2 x 105 cells/ml) by incubation with 6 p-Ci/ml 31t4eucine (specific activity i mCi/ml, Amersham-Buchler, Braunschweig, FRG) for 20 h (5 % CO2, 37 °C) in labelling medium (leucine-free RPMI 1640 with 7.5 mmol/1 glucose and 10% fetal calf serum (FCS) (Gibco)).
Xanthine oxidase/hypoxanthine
Xanthine oxidase (XO, grade III from buttermilk, specific activity 1.2 U/rag protein) and hypoxanthine (HX, 6-hydroxypurine) were obtained from Sigma (Deisenhofen, FRG). Both reagents were dissolved freshly before use in test medium: RPMI 1640 with 7.5 mmol/1 glucose supplemented with 25 mg/1 ampicillin, 120 rag/1 penicillin, 270 mg/1 streptomycin (Serva), I retool/1 sodium pyruvate, 2mmol/1 L-glutamine, 10ml/l non-essential amino acids (100 x, Gibco), 2 g/1 NaHCO3, 2.38 g/1 HEPES (Serva) and 10 % FCS. The reagents were added to the islet cells to achieve final concentrations of 25 mU/ml XO and 0.5 mmol/1 HX. Control samples received medium or XO or HX alone.
Cytotoxic assay
To determine the cytotoxic activity of ROI released by XO/HX, 5000 labelled islet cells per well (200 p.1) of a 96-well round bottom microtitre plate (Becton-Dickinson, Heidelberg, FRG) were incubated for 15 h (5% COz, 37°C) in medium in the presence of XO and/or HX and nicofinamide (Sigma). The concentration of radiolabel released from the Lslets was then determined in 100 p-1 of the supernatant in a liquid scintillation counter. The total release of 3H-leucine was determined from the supernatant of islet cells lysed by 100 gl Triton X-100 (Serva) and the spontaneous release was determined from wells containing target cells only. In all experiments the spontaneous release of 3H-leucine was less than 35 % of the total 3H-leucine release after 15 h. The specific lysis of the target cells was calculated according to the formula: (test cpm-spontaneous cpm) specific lysis (%) = 100 x (maximum cpm-spontaneous cpm)
MTT assay
The mitochondrial activity of the islet cells after exposure to XO/HX was determined by a colorimetric assay which detects the conversion of 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT, Sigma) into the formazan product by the mitochondrial enzyme succinate-dehydrogenase [21, 22] . Recently, this assay was successfully used to determine the metabolic activity of islets and insulinoma cells [23] . For the assay, 2.5 x 104 islet cells per well (120 p-l) of a 1/2 area microtitre plate were incubated (5 % COz, 37 °C) in the presence of XO or HX or both. After various time intervals the supernatants were removed, 100 gl per well of an MTT solution (1 mg/ml in test medium) was added and the cells were incubated for another 4 h (5 % CO2, 37°C) to allow-the formation of formazan crystals. Again the supernatants were removed and the formazan crystals were dissolved in 50 gl isopropanol. The optical density (OD) of the resulting blue solution was measured in an eight-channel ELISA photometer at 540 nm against a reference wavelength of 690 nm. The residual mitochondrial activity of the islet cells was calculated by setting the OD of the untreated cells as 100 %.
Chemiluminescence
The generation of ROI from HX by XO was determined in a sixchannel bioluminescence analyser (Biolumat LB 9505C; Berthold, Wildbad, FRG). The ROI were detected with luminol (5 x 10 -4 The specific lysis was calculated from the radioactive label released into the supernatant from 5000 islet cells after 15 h incubation (37 °C, 5 % COz). Data show mean _+ SD from three experiments. * p < 0.05, ** p < 0.005 compared to the lysis in the absence of nicotinamide tool/l, Sigma), which had been successfully used previously to study the kinetics of the XO catalysed oxidation of HX [24] . HX was incubated in the absence or presence of islet cells (1 x 105/ml) or various concentrations of nicotinamide and the background chemiluminescence was monitored. The reaction was initiated by the addition of XO and the release of ROI was monitored for another 90 min. The chemiluminescence activity from the various samples was processed by special software supplied by Berthold and plotted against time.
Statistical analys&
For statistical analysis of the data the Student's test was used.
Results
During the conversion of HX to uric acid, the enzyme XO releases various species of ROI. By using luminol as a detector for ROI, the kinetics of this reaction were monitored in a chemiluminescence analysing system (Fig. 1) . The generation of ROI started immediately after the addition of XO, reached its maximum 10rain later (9.2 x 105 cpm) and returned to almost background levels after about 60 min. The addition of another aliquot of HX after 90 min induced a new start of the reaction process (data not shown). This suggests that the reaction is not terminated by the inactivation of the XO but by consumption of the substrate. Despite these observations, the actual duration of ROI formation may be underestimated, since recent observations revealed that luminol may fail to detect long-term chemiluminescence activity [25] .
In the presence of islet cells the release of ROI remained almost unchanged (Fig. 1) . Controls with XO or HX alone showed only a small increase of the background chemiluminescence. This indicates that neither XO activity nor a relevant substrate are present in the medium or are released by the islet cells. When nicotinamide was added to the chemiluminescence assay, a clear dose-dependent decrease of free ROI levels was noted (Fig. 2) . The peak chemiluminescence activity was dose-dependently reduced to 3 x 10 s cpm in the presence of increasing concentrations of nicotinamide. Half-maximal inhibition was achieved at about 20 mmol/1 nicotinamide.
In order to investigate the cytotoxic effect of ROI against pancreatic islet cells, isolated 3H-leucine labelled rat islet cells were exposed to XO or HX or a combination in vitro for 15 h. In the presence of XO (25 mU/ml) and HX (0.5 mmol/1) islet cells were lysed to 39.0 % (Fig. 3) . When 20 mmol/1 nicotinamide was added the specific tysis was inhibited to 14.8 % (p < 0.05). In the controls only the samples g~ith XO alone showed more than background tysis (12,3 % ), which could also be inhibited by nicotinamide.
In another experimental approach the functional activity of the islet cells was evaluated by the conversion of the tetrazolium salt MTT to its form azan product by intact mitochondria. After 15 h of incubation with the XO/HX system the islet cells showed a strongly reduced capacity to produce fonnazan (OD: 0.04) compared to the controls (OD: 0.2%0.31) (p < 0.001) (Fig. 4) . The addition of nicotinamide at a concentration of 20 mol/1 resulted in a significantly increased formazan production (OD: 0.79) compared to the samples incubated with XO/HX in the absence of nicotinamide (p < 0.0001).
Kinetic studies revealed a significant (p < 0.05) reduction of the mitochonddal function to 51% of the initial activity by 30 min after the initiation of the XO/HX reaction and a further decrease to 15 % after 15 h (Fig.5) (p < 0.001). Parallel studies with trypan blue as a measure of plasma membrane integrity revealed that mitochondrial dysfunction preceded plasma membrane damage (Fig. 5) . In addition, up to 5 h after the initiation of the XO reaction no significant rise of leucine labelled products above the background level could be noted (data not shown).
The difference between the data obtained for cell lysis (39 %) and for plasma membrane damage (over 80 %) after 15 h of culture is probably caused by the different sensitivities of the two detection methods. Trypan blue seems to be more sensitive to slight functional injuries of the plasma membrane which may occur in most of the cells after 15 h in the presence of XO/HX. On the other hand, 3H leucine-as with the 51Cr-label will only detect severe membrane damage resulting in leakage of intracellular constituents.
Discussion
The results of our studies demonstrate that ROI, physiologically generated by the enzyme XO, are able to destroy pancreatic islet cells in vitro.
When XO metabolizes HX to uric acid it generates hydrogen peroxide and the superoxide radical 02 which can further react to form the highly reactive hydroxyl radical (OH) [6, 10, 26] . Recent studies showed that mainly hydroxyl radicals are released, when pancreatic islet cells are present during this process [27] . Since hydroxyl radicals are extremely strong oxidants reacting with almost all biological substrates [28] , they may be responsible for the strong reduction of glucose-stimulated insulin release from islet cells within only 90 min of XO activity [29] . Recently it was shown that scavengers of oxygen free radicals are able to protect islet cells from the deleterious effects exerted by the XO/HX system [29] . This clearly demonstrates that the toxic effects observed in the test system are mediated by ROI.
The concentration of XO in the culture system was in a range comparable to the enzymatic activity detected in the rat pancreas [26] . However, under in vivo conditions, scavenging of XO-generated ROI may occur, which makes it difficult to estimate the actual amount of ROI acting on the target cells.
Our results indicate that the exposure to RO! does not immediately cause the lysis of islet cells but induces some process which, during the following hours, leads to cell death. A similar delayed cytotoxic effect was observed previously when Beta cells were exposed to t-butylhydroperoxide, a potent oxidant of many cell types [30] . Our experimental system does not allow discrimination between Beta-and non-Beta cells. However, due to previous reports showing a generally increased sensitivity of islet cells to ROI [16] , we assume that all cell types are affected by ROI in our assay.
Interestingly, homogenates of Beta cells exert XO activity which can be increased by streptozotocin [31] . However, control experiments of our studies showed that intact islet cells exhibit no chemiluminescence activity. This finding is confirmed by previous studies which failed to demonstrate chemiluminescence activity from islets in the absence of stimulatory agents or even in the presence of 0.5 mmol/1 streptozotocin [32] . Therefore, we conclude that in our experiments the generation of ROI is mainly due to the activity of extracellular XO which is added to the test system.
V. Burkart et al.: Oxygen radicals lyse pancreatic islet cells
Monitoring the mitochondrial function by the conversion of the tetrazolium salt MTF into its formazan product [21, 22] revealed that the respiratory activity of the islet cells is strongly depressed by 30 min after the initiation of the XO reaction, whereas significant membrane damage as detected by trypan blue exclusion and 3H leucine release was not noted at this time. We therefore assume that one triggering event for ROI-mediated islet cell destruction is the impairment of mitochondrial function thereby decreasing the further energy supply. This will not cause sudden death but will gradually lead to the disintegration of the cells which is finally detectable by the release of 3H-leucine labelled intracellular constituents. Our assumption is supported by a recent study with rat liver mitochondria exposed to the XO/HX system. Within only 10 min considerable swelling and disintegration of membranes due to lipid peroxidation was observed indicating a high susceptibility of these organelles to the toxic effects of ROI [33] . Similar observations were made by Spragg after the exposure of cultured cells to ROI [34] . In these studies, damage to intracellular constituents was found to precede functional injuries which result in the release of 51Cr from pre-labelled ceils. Furthermore, our results correspond to previous findings describing mitochondrial dysfunction as an early event in the process of Beta-cell damage after exposure to the diabetogenic drugs alloxan [35] and streptozotocin [36] or to the cytokines tumour necrosis factor [37] and interleukin-1 [38] . The sequence of injuries may be explained by the different effectiveness of repair systems in the two cellular components. Whereas oxidized constituents of the plasma membrane can be rapidly replaced by intact structures, the damage to complex mitochondrial enzyme systems cannot easily be repaired. Therefore, the mitochondrial injury appears to occur "before" the plasma membrane damage. These findings suggest, that ROI will damage many different constituents of the islet cell, including nuclear DNA which may also contribute to islet cell death. The pathogenetic role of mitochondrial and extra mitochondrial damage is presently under investigation.
The experimental systems allow the study of effects of substances used to protect islet cells from ROI-induced damage as may occur during early phases of islet destruction. A well-defined candidate for the protection of islet cells is nicotinamide, which is currently being used in animal studies and clinical trials aimed at the prevention of Type 1 diabetes [39, 40] . Compared to other protective compounds, the physiological substance nicotinamide combines some unique properties [scavenging of ROI, inhibition of the nuclear DNA repair enzyme poly(ADPribose)synthetase, replenishment of the NAD pool] [41] , which alone or in combination may contribute to its beneficial effects. We found that nicotinamide protected islet cells from membrane damage and preserved the respiratory function in the presence of XO. Although the exact mechanisms are still under investigation, our findings indicate that nicotinamide is able to exert its protective effect by interfering with cytotoxic processes even during the initial phase of Beta-cell damage [30] .
In conclusion we have provided experimental evidence for the islet-cell damaging capacity of XO. This enzyme is associated with endothelial cells and may be activated in early phases of pancreatic islet destruction by mediators of immune cells or by metabolic changes occmwing during episodes of hypoxia and reperfusion. Since most islet cells are in close contact with capillary endothelial cells lining the complex islet microvascular network [42] and since islet cells have a low ROI scavenger capacity [16] , the activity of endothelial associated XO may substantially contribute to the initial damage of pancreatic islet cells in the pathogenesis of Type 1 diabetes.
